OBJECTIVES The aim of this study was to evaluate whether native T1 value of the myocardium on cardiac magnetic resonance (CMR) could predict clinical events in patients with significant aortic stenosis (AS).
Although endomyocardial biopsy is the gold standard for detecting myocardial fibrosis (7), several practical limitations hinder its general utilization (8) . Studies using cardiac magnetic resonance (CMR), from late gadolinium enhancement (LGE) to extracellular volume (ECV) calculation, have demonstrated the noninvasive detection of myocardial fibrosis (4-7,9-11). However, LGE needs gadoliniumbased contrast and can image only focal myocardial scar, whereas diffuse myocardial fibrosis (DMF) ensues following pressure overload to the LV (6-9).
Measurement of ECV using post-contrast T1 is helpful for quantification of the degree of DMF, but also uses contrast and requires additional time to achieve equilibrium between the blood and the myocardium (10, 11) . Furthermore, not much is known about the prognostic implication of quantifying DMF with noninvasive imaging.
The 3-T magnetic resonance allows better tissue characterization than 1.5-T by improving the signal-to-noise ratio with the upgraded bulk magnetization and suppressing background noise from the lengthening of T1 relaxation time. This enables better discrimination of fibrosis from normal myocardium without contrast (12) . We and others have demonstrated that native T1 relaxation time may help in estimating the degree of DMF in AS patients (13, 14) . In the present study, we hypothesized that assessment of the degree of DMF using the native T1 value on CMR would be helpful to predict the prognosis of patients with significant AS.
METHODS
The detailed methods are described in a separate file (Online Appendix). Healthy volunteers of similar age and sex distribution (n ¼ 33) with no cardiovascular risk factors were enrolled as control subjects (16) .
CMR IMAGING WITH NONCONTRAST T1 MAPPING.
All subjects underwent CMR imaging on a 3-T scanner (Magnetom Trio, Siemens Healthcare, Erlangen, Germany) with a 6-channel phased array and spine coils (17) . A prototype modified Look-Locker inversion-recovery sequence (18) was used for noncontrast mapping of myocardial T1 relaxation time at the mid-ventricular short-axis sections of the papillary muscle level before administration of the gadolinium contrast, the protocol of which was previously described (13) . Briefly, 3 images were gained in the first and second Look-Locker segments and 5 in the third segment, thus, a total of 11 images from 17 heartbeats were prepared. The native T1 value was measured by drawing the region of interests manually on the septal segment of the mid-ventricular slice, excluding the myocardium with LGE (13, 14, 19) .
Approximately 10 min after gadolinium-based contrast injection, phase-sensitive inversion recovery sequence was applied to image the LGE on longand short-axis images. The region of LGE was depicted semiautomatically as the pixels of myocardium with signal intensity >5 SD of the remote normal myocardium using an adequate software (CVI 42 version 5.0, Circle Cardiovascular Imaging, Calgary, Alberta, Canada) (20) . The extent of LGE was expressed as the percentage of total LV mass.
FOLLOW-UP. The primary outcome was a composite of all-cause death and unexpected hospitalization for heart failure. The cause of death was further classified as cardiovascular and noncardiovascular origins as needed. Unplanned hospitalization for heart failure was defined as admission to the hospital with signs and symptoms of decompensated heart failure requiring intravenous medications. The decision of surgical aortic valve replacement (SAVR) and transcatheter aortic valve replacement (TAVR) was made without the native T1 value information, by the duty physician's discretion. 
Prognostic Value of Native T1 in AS Patients The native T1 values of significant AS patients were normally distributed, and the clinical events tended to occur more frequently in patients with higher native T1 values.
AS ¼ aortic stenosis. AS subjects enrolled for final analysis (n = 127)
Control subjects of similar age and sex distribution (n = 33)
AS subjects who did not undergo aortic valve replacement (n = 40)
AS subjects who underwent aortic valve replacement (n = 87) deaths and 15 hospitalizations for heart failure ( Table 2) . Seven of the deaths (77.8%) were from cardiovascular causes (4 acute heart failure, 2 cardiogenic shock, and 1 ischemic stroke), and 2
deaths were attributed to sepsis and lung cancer, respectively.
When stratified by the native T1 tertiles, the overall clinical events tended to occur more frequently in the 
Prognostic Value of Native T1 in AS Patients -2 0 1 7 : ---AS patients with higher native T1 value ( Figure 2) . Table 2) . Kaplan-Meier survival curves demonstrated that the AS patients in the highest native T1 tertile had the worst event-free survival (p < 0.001 by log-rank test) ( Figure 3A) . Figure 3C ). or without LGE on CMR ( Figure 5 ) and the addition of native T1 tertile on top of a model comprising indexed AV area, EuroSCORE II, and the presence of
LGE provided further risk stratification ( Figure 6 ).
DISCUSSION
The main findings of the present study are: 1) Values are n or n (%).
Lee et al. LGE by CMR, standing for "focal" myocardial scar (5, 6, 9) . The sensitivity of LGE-CMR is limited for absolute quantification of DMF, because the mechanism of LGE involves the nulling of the "normal" myocardium. In the setting of DMF, the nulling is questionable because of no evidence of normal myocardium (7, 8) , and myocardial fibrosis occurs in a diffuse manner following AS. Additionally, DMF is an early phenomenon preceding focal scarring, and therefore noninvasive assessment of DMF may enable early detection of, and possibly, reversal of the disease under appropriate management (23, 24) . Lee et al.
Prognostic Value of Native T1 in AS Patients -2 0 1 7 : --- A 70-year-old man with severe AS who was hospitalized for decompensated heart failure. The native T1 value was 1,257 ms. (C) A 65-year-old man with severe AS who died during follow-up. The native T1 value was 1,385 ms. CI ¼ confidence interval; HR ¼ hazard ratio; other abbreviations as Table 1 .
Lee et al. The improved contrast of noncontrast T1 mapping following the introduction of 3-T CMR allows more accurate tissue discrimination (27) . Also, noncontrast T1 mapping does not need gadolinium-based contrast, which is contraindicated in chronic kidney disease patients, a condition frequently encountered in AS patients (28) . The reproducibility of native T1
has been reported to be comparable to ECV in AS patients (29) . Altogether, native T1 value on noncontrast T1 mapping CMR can be a simple, but promising, tool for assessing DMF in AS.
PROGNOSTIC VALUE OF NATIVE T1 VALUE IN
AS. High native T1 has been shown to be a strong predictor of adverse outcomes in other cardiac conditions where DMF develops with disease progression (12, (30) (31) (32) , whereas evidence supporting its clinical benefit in valvular heart disease remains scarce. The most important finding of this study is that native T1 value is a powerful predictor of adverse clinical events in AS. There was only 1 admission for decompensated heart failure in the patients with the lowest T1 tertile, which was fully recovered after treatment. Conversely, 19% of patients with the highest native T1 had died, and 24% had experienced hospitalization for heart failure, with events occurring throughout the whole follow-up period and both before and after AV replacement. Considering that the entire study population consisted of subjects with moderate or severe AS regardless of symptoms or operation, our results may be applied to a more generalized AS population than previous studies (13, 33) . Regardless of the presence of LGE, a predictor that recent prior studies had verified (5, 6, 9) , the highest native T1 value could provide incremental prognostic utility in AS patients.
Remarkably, in the subgroup analysis of events that occurred before operation, 3 of 6 patients who died before AV replacement had moderate AS and were in the highest native T1 tertile group. All deaths were of cardiovascular cause. These patients would not be considered as candidates for AV replacement under the current guidelines (15) , and this suggests native T1 as an indication for early surgery. Some clinicians advocate early surgery in severe but asymptomatic AS patients (22, 34) . However, prior Lowest/mid T1
Highest T1
The highest native T1 tertile group is predictive of future clinical events in both groups of AS patients: (A) with LGE and (B) without LGE. AS ¼ aortic stenosis; LGE ¼ late gadolinium enhancement.
Prognostic Value of Native T1 in AS Patients Lee et al. 
